While recombinant adeno-associated virus (rAAV) vectors promote long-term transgene expression in the lungs and other organs, the goal of correcting chronic inherited lung diseases such as cystic fibrosis with this type of viral gene transfer vector is limited by the requirement of achieving stable potent transgene expression, potentially requiring vector readministration. Here we evaluated the abilities of rAAV type 5/5 (rAAV5/5) vectors based on the genome and capsid of AAV5 to efficiently transduce the lungs and nasal epithelium of mice after repeated administration. Transduction efficiency as judged by reporter gene expression was markedly reduced on a second rAAV5/5 administration and effectively abolished on a third. Varying the period between administrations from 8 to 36 weeks did not allow efficient repeated administration. A rapid rise in anti-AAV5 antibodies was noted after rAAV5/5 vector administration that was sustained for the entire period of investigation (in some cases exceeding 9 months). Furthermore, this antibody response and subsequent failure to repeatedly administer the vector were not rescued by the in vivo expression of CTLA4Ig from an rAAV5/5 vector. These results suggest that without the development of an effective and clinically acceptable immunosuppression strategy, treatments for chronic diseases that require repeated administration of rAAV5/5 vectors will be unsuccessful.
Recombinant gene transfer vectors based on recombinant adeno-associated virus (rAAV) direct efficient transgene expression in a wide range of tissues, including muscle (31) , lungs (15) , liver (20) , brain (9) , and retina (2) . The popularity of rAAV vectors lies in part with the observations that wild-type AAV is not pathogenic to humans and is relatively nonimmunogenic (7) . As a result, several clinical trials involving rAAV2 vectors have been initiated, most notably involving patients with cystic fibrosis (CF) (1, 11, 29) and hemophilia (19) .
The lungs are an attractive organ for gene delivery, since they are readily accessible by minimally invasive procedures, such as bronchoscopy and nebulization. We are interested in using rAAV vectors to treat chronic inherited lung diseases such as CF. Here we have focused on the use of rAAV type 5/5 (rAAV5/5) vectors (6) , which transduce lung cells more efficiently than vectors based on the more widely used rAAV2/2 (26, 27, 32) . Crucially, to treat chronic inherited disease, it is likely to be necessary to maintain transgene expression throughout the life of the treated individual. To date there are no definitive data that measure the turnover of different cell types in the lungs of either mice or humans. We do know, however, that the majority of cells in the lungs are terminally differentiated and slowly replaced; therefore, it is expected that transgene expression from the single administration of any gene transfer vector will fall with time unless a cell population with the ability to self-renew is targeted with a vector capable of replication or integration. Regrettably, lung stem cell(s) remain poorly characterized, and the "progenitor-progeny" relationships that are well understood from continuously proliferating tissues such as bone marrow may well not apply (24) . We have observed that rAAV5/5 directs murine lung transgene expression that peaks approximately 1 month after administration and falls to only ϳ50% of this peak after 12 months (27) . This stands as an unexplained paradox relative to one published report where the turnover time of cells in the conducting airway epithelia was found to be approximately 3 months (4) . Nevertheless, the gradual decline in transgene expression seen with our mouse lung model suggests that it will be important to efficiently readminister the vector in order to achieve lifelong transgene expression.
There is contradictory evidence regarding the efficiency with which viral vectors can be repeatedly administered. Multiple studies with a variety of organs have highlighted the difficulties of efficient second or third administrations of rAAV2/2 vectors (15, 31) . Reduced efficacy on repeated administration has largely correlated with the generation of a neutralizing immune response that inhibits successive rounds of transduction (16) . A number of studies have reported successful repeated administration after pretreatment of the host with immunosuppressing antibodies, including anti-CD4 and/or anti-CD40L (23) , and/or immune-modulating agents, including CTLA4Ig (16), or broad immunosuppressing agents, such as cyclophosphamide (5) . In a refinement of this strategy, repeated administration of a recombinant adenoviral vector has been achieved by the construction of a virus that simultaneously expresses both the transgene of interest and CTLA4Ig (28) . In contrast, two studies have observed that rAAV may be efficiently administered a second time if the time between administrations is extended beyond approximately 28 weeks and the capsid is derived from AAV5 or AAV9 (3, 21) .
In the present study, we thoroughly evaluated the efficacy of rAAV5/5 after repeated administration to the nose and lungs of BALB/c mice. We showed that rAAV5/5 administration provoked the production of sustained anti-AAV5 capsid-neutralizing antibodies that substantially lowered lung gene transfer on a second administration and effectively abolished it on a third. Importantly, neither the local expression of CTLA4Ig nor an increase in the period between vector administrations from 8 to 36 weeks improved the efficacy of second or third administrations of rAAV5/5.
MATERIALS AND METHODS

Cells and plasmids.
Human embryonic kidney (HEK) 293T cells (13) and African green monkey kidney COS7 cells (European Collection of Cell Cultures) were maintained as described previously (27) .
The rAAV5 vector plasmid pAAV5/5Lux, containing the ITRs of AAV5 separated by the firefly luciferase coding region from pGL3 (Lux) (Promega, Southampton, United Kingdom) under the transcriptional control of the cytomegalovirus immediate-early enhancer/promoter, has been described previously (27) . Other vector plasmids were derived from pAAV5/5Lux by replacing the Lux coding region with the coding region of enhanced green fluorescent protein (EGFP) from pEGFP-N1 (Clontech, BD Bioscience, Cowley, United Kingdom), the chloramphenicol acetyltransferase (CAT) coding region from pREP4CAT (Invitrogen, Paisley, United Kingdom), and the chimeric cytotoxic T-lymphocyteassociated antigen 4-human IgG Fc (CTLA4Ig) coding region from pCDM8-CTLA4Ig (American Type Culture Collection clone 68629). Plasmid stocks of p5RC (AAV5 helper plasmid) (6) and all vector plasmids were prepared using QIAGEN Endofree Megaprep kits (QIAGEN, Crawley, United Kingdom). pAd12 (adenovirus helper plasmid) (6) was manufactured by Bayou Labs (Harahan, LA).
Virus production and characterization. Recombinant AAV5 was produced by transient triple plasmid transfection of HEK 293T cells and purified by CsCl density gradient ultracentrifugation followed by dialysis against D-phosphatebuffered saline (PBS) (27) . Virus was stored at Ϫ80°C in 100-to 200-l aliquots. Recombinant AAV5 titers (expressed in DNase-resistant genome copies [GC]/ ml) were determined by TaqMan real-time PCR analysis of virus genomes (27) . The rAAV2/2GFP vector was supplied by the Vector Core at the Gene Therapy Program (University of Pennsylvania). Function of the expression cassettes in virus preparations was confirmed by determination of reporter gene activity or by enzyme-linked immunosorbent assay (ELISA) following transduction of COS7 cells with 1 ϫ 10 10 GC of virus. Animal studies. Female BALB/c mice of ages 6 to 8 weeks were used throughout. Mice were housed in accordance with United Kingdom Home Office ethical and welfare guidelines and fed standard chow and water ad libitum. Nasal perfusion, lung delivery (nasal insufflation), tissue harvesting, and determination of protein levels and luciferase activities in nasal and lung samples were done as described previously (12, 27) . Note that the background luciferase activity in naive nasal samples is typically ϳ10-fold higher than that in naive lung samples due to differences in protein content. For comparative purposes, under the luciferase assay conditions used, 10 relative light units (RLU) equates to approximately 260 ng of recombinant luciferase (Promega).
Detection of anti-AAV5, anti-Lux, anti-CAT, anti-green fluorescent protein (GFP), and anti-CTLA4Ig antibodies in pooled sera by ELISA. Levels of anti-AAV5, anti-Lux, anti-CAT, anti-GFP, and anti-CTLA4Ig antibodies in pooled sera of treated mice were quantified using Strip-well plates (Costar; VWR International Ltd., Lutterworth, United Kingdom) coated with 1 ϫ 10 9 GC rAAV5/5Lux, 0.5 g recombinant Lux (Promega), 0.25 g CAT (Sigma, Poole, United Kingdom), 1 g heat-denatured (90°C 5Ј) recombinant GFP (ClontechTakara Bio Europe, Saint-Germain-en-Laye, France), or 0.5 g rhCTLA4Ig (R&D Systems, Abingdon, United Kingdom) per well as described previously (27) . Where the calculated antibody titer was outside the range of serum dilutions tested, i.e., below 20 or above 20,480, it is presented as being 20 or 20,480, respectively, on the graphs.
Statistical analyses. Statistical power analysis was used to assist group size selection, to allow statistical significance with a twofold reduction in peak luciferase activity with Ͼ0.8 power. Luciferase activity data are expressed in relative light units per mg total protein as the mean Ϯ standard error of the mean (SEM). Results were analyzed using analysis of variance with log-transformed data for luciferase activity and with untransformed data for Ig levels determined by ELISA. Statistical significance of Fisher's protected least significant difference post hoc tests was accepted with P values of Ͻ0.05.
RESULTS
rAAV5/5 cannot be efficiently repeatedly administered to the mouse lung with an 8-week dosing interval. To investigate the feasibility of repeatedly administering rAAV5/5 to the lung, groups of mice were exposed to one, two, or three doses of 1 ϫ 10 11 DNase-resistant GC of virus at 8-week intervals. Throughout these studies, we utilized rAAV5/5 viruses expressing alternate transgenes (rAAV5/5CAT, -EGFP, and -Lux) to ensure that any immune block on subsequent virus administration was not due to the expressed gene products. In each case, the final viral administration was of rAAV5/5Lux, with lung luciferase activity being measured 4 weeks after delivery. Four treatment regimes were compared: a single administration of rAAV5/5Lux; two sham administrations of vehicle (PBS) followed by rAAV5/5Lux; a sham administration followed by rAAV5/5EGFP and subsequently rAAV5/5Lux, and administration of rAAV5/5CAT followed by rAAV5/5EGFP and subsequently rAAV5/5Lux. Animals exposed to three sham administrations served as negative controls (Fig. 1) .
Consistent with our previously published studies, delivery of a single dose of rAAV5/5 to the mouse lung resulted in significant lung reporter gene expression (27) . Similar levels of lung luciferase activity were noted in animals that received a single administration of rAAV5/5Lux and animals that received two sham administrations followed by rAAV5/5Lux (19.33 Ϯ 5.12 and 16.31 Ϯ 0.88 RLU/mg protein, respectively; P ϭ 0.74) (Fig.  1a) , indicating that repeated cycles of sham administration, including anesthesia and delivery of PBS to the lung, did not affect the outcome measure. Importantly, lung luciferase activity in the group of animals that received two doses of rAAV5/5 (sham administration followed by rAAV5/5EGFP and rAAV5/5Lux) was significantly reduced (0.23 Ϯ 0.06 RLU/mg protein) compared to that of animals that received two sham administrations followed by rAAV5/5Lux (P Ͻ 0.0001) (Fig. 1a) . Crucially, when mice were exposed to a total of three virus doses, lung luciferase activity was indistinguishable from that of mice receiving three sham administrations (0.07 Ϯ 0.04 and 0.04 Ϯ 0.01 RLU/mg protein, respectively; P ϭ 0.91) (Fig. 1a) .
Failure to transduce mouse lung with rAAV5/5 correlates with anti-AAV5 serum antibody levels. Sera from the mice in the study described in Fig. 1a were analyzed for anti-AAV antibodies. All groups of mice except those receiving sham treatment had detectable levels of antibodies against rAAV5/ 5Lux (Fig. 1b) . Importantly, higher anti-AAV5 antibody titers were observed in the groups of animals exposed to more than one dose of virus (titers of Ͼ1:20,480 after two or three exposures and 1:90 to 1:328 for a single exposure) (Fig. 1b) .
Increasing the dosing interval from 8 to 36 weeks does not improve transduction by a second dose of rAAV5/5. Despite the slow decline in lung luciferase activity noted following delivery of a single dose of rAAV5/5Lux to the mouse lung (27) , substantial transgene expression was still detectable up to 1 year postadministration. Consequently, the delivery of subsequent doses of virus to boost transgene expression need not necessarily be as early as the 8-week interval allowed in the study described in the legend to Fig. 1 .
To investigate if a longer interval between dosing events might improve transduction efficiency, groups of mice were VOL. 81, 2007 REPEATED ADMINISTRATION OF rAAV5/5 TO LUNGS 12361 exposed to either sham administration or 1 ϫ 10 11 GC of rAAV5/5CAT followed by 1 ϫ 10 11 GC of rAAV5/5Lux 36 weeks later. Animals exposed to two sham administrations with a 36-week interval served as negative controls (Fig. 2) . Despite the increase in the dosing interval from 8 to 36 weeks, a second dose of rAAV5/5 directed lung luciferase activity that was indistinguishable from that of sham-treated animals (0.05 Ϯ 0.01 and 0.03 Ϯ 0.01 RLU/mg protein, respectively; P ϭ 0.866) (Fig. 2) . Importantly, mice receiving sham administration followed by rAAV5/5Lux with a 36-week interval had robust lung luciferase activity (33.10 Ϯ 3.07 RLU/mg protein) (Fig. 2) . As in the study conducted with an 8-week dosing interval, high levels of anti-AAV5 serum antibodies were observed for the group of animals receiving two doses of rAAV5/5 (titer of Ͼ1:20,480) compared with those for naive mice (titer of Ͻ1:20).
Delivery of rAAV5/5 encoding CTLA4Ig does not prevent generation of anti-AAV5 serum antibodies and does not allow transduction by a second or third dose of rAAV5/5. To investigate if repeated administration of rAAV5/5 could be supported by expression of a transgene with immunosuppressing properties, we examined whether rAAV5/5 encoding a soluble form of CTLA4Ig (rAAV5/5CTLA4Ig) might block the generation of antibodies against rAAV5/5 components. Five treatment regimes (1 ϫ 10 11 GC rAAV5/5 per dose, with an 8-week dosing interval) were compared: a single administration of rAAV5/5CTLA4Ig; a single administration of rAAV5/5Lux; two sham administrations followed by rAAV5/5Lux; sham administration followed by rAAV5/5CTLA4Ig and subsequently rAAV5/5Lux; and two administrations of rAAV5/5CTLA4Ig followed by rAAV5/5Lux (Fig. 3) . Importantly, similar, robust levels of lung luciferase activity were noted for animals that received a single administration of rAAV5/5Lux and animals that received two sham administrations followed by rAAV5/ 5Lux (31 Ϯ 9.61 and 20 Ϯ 1.16 RLU/mg protein, respectively) (Fig. 3a) . Crucially, neither group receiving rAAV5/5CTLA4Ig followed by rAAV5/5Lux had lung luciferase activity above that of animals receiving only rAAV5/5CTLA4Ig (both 0.03 Ϯ 0.01 RLU/mg protein, compared with 0.06 Ϯ 0.02 RLU/mg protein for rAAV5/5CTLA4Ig only; P ϭ 0.81 for both) (Fig.  3a) . This suggested that the local expression of CTLA4Ig did not prevent an immune response against rAAV5/5 particles. This was confirmed by an analysis of the sera from the same mice, showing that all experimental groups had high levels of antibodies against rAAV5/5, with the multiple exposure leading to the highest titers, only just starting to decrease at a dilution of 1:20,480 (Fig. 3b) .
Delivery of rAAV5/5 to the nasal epithelium does not allow efficient repeated transduction and does not circumvent the generation of anti-AAV5 antibodies. In the preceding studies, rAAV5/5 was administered to the lung as a 150-l bolus that by itself may have led to a host inflammatory response that may have augmented the specific immune responses observed. To Serum from the blood was isolated, and pooled sera for each group were serially diluted and assayed for anti-AAV5 mouse IgG, IgM, and IgA by ELISA. OD 450nm, optical density at 450 nm. address this, we investigated repeat delivery of rAAV5/5 to respiratory tissue with an alternative delivery system where the virus is applied to the nasal epithelium by slow perfusion (27) . For simplicity, this study was restricted to a maximum of two viral administrations. Four treatment regimes (1 ϫ 10 11 GC rAAV5/5 per dose, with an 8-week dosing interval) were compared: a single administration of rAAV5/5Lux; sham administration followed by rAAV5/5Lux; administration of rAAV5/ 5EGFP followed by rAAV5/5Lux; and administration of rAAV5/5CTLA4Ig followed by rAAV5/5Lux. Animals naive to treatment served as negative controls (Fig. 4) .
Consistent with results of our previously published studies, delivery of a single dose of rAAV5/5 to the mouse nose resulted in significant nasal reporter gene expression (27) . Similar levels of lung luciferase activity were noted in animals that received a single administration of rAAV5/5Lux and animals that received a sham administration followed by rAAV5/5Lux (7.15 Ϯ 2.37 and 5.69 Ϯ 1.16 RLU/mg protein, respectively; P ϭ 0.97) (Fig. 4a ). These were significantly above background levels (naive animals, 0.52 Ϯ 0.14 RLU/mg protein; P Ͻ 0.005). Overall, animals that received either rAAV5/5EGFP or rAAV5/5CTLA4Ig were not efficiently transduced by subsequent administration of rAAV5/5Lux. Low levels of nasal luciferase activity were observed in groups of animals that received rAAV5/5EGFP followed by rAAV5/5Lux (1.1 Ϯ 0.5 RLU/mg protein) or rAAV5/5CTLA4Ig followed by rAAV5/ 5Lux (1.7 Ϯ 0.96 RLU/mg protein) and were indistinguishable from those of naive animals (0.52 Ϯ 0.14 RLU/mg protein; P ϭ 0.56 and P ϭ 0.37, respectively) (Fig. 4a) . It is notable that FIG. 3 . Repeat administration of rAAV5/5CTLA4Ig to mouse lungs. Female BALB/c mice (n ϭ 6 to 8 per group) were anesthetized, and 150 l of virus solution containing 1 ϫ 10 11 GC rAAV5/5CTLA4Ig or rAAV5/5Lux was administered to the lungs at the times indicated. Sham administration is indicated by a dash. Lung tissue for determination of luciferase activity and blood for determination of anti-AAV5 antibodies were harvested at week 4 for the animals that received a single administration of rAAV5/5CTLA4Ig or rAAV5/5Lux and at week 20 for all other groups. (a) Lung tissue homogenates were assayed for luciferase activity, expressed as arbitrary relative light units per mg of lung protein. The symbols (consistent for the same treatment group between panels) indicate individual mice, and the bar indicates the group mean (Ϯ SEM). (b) Serum from the blood was isolated, and pooled sera for each group were serially diluted and assayed for anti-AAV5 mouse IgG, IgM, and IgA by ELISA. OD 450nm, optical density at 450 nm.
FIG. 4.
Repeat administration of rAAV5/5 to mouse nose at 8-week intervals. Female BALB/c mice (n ϭ 6 to 8 per group) were anesthetized, and 100 l of virus solution containing 1 ϫ 10 11 GC rAAV5/5EGFP, rAAV5/5CTLA4Ig, or rAAV5/5Lux was administered to the nose at the times indicated. Sham administration is indicated by a dash. No treatment is indicated by NT. Nasal tissue for determination of luciferase activity and blood for determination of anti-AAV5 antibodies were harvested at week 4 for the animals that received no treatment or a single administration of rAAV5/Lux and at week 20 for all other groups. (a) Nasal tissue homogenates were assayed for luciferase activity, expressed as arbitrary relative light units per mg of lung protein. The symbols (consistent for the same treatment group between panels) indicate individual mice, and the bar indicates the group mean (Ϯ SEM). (b) Serum from the blood was isolated, and pooled sera for each group were serially diluted and assayed for anti-AAV5 mouse IgG, IgM, and IgA by ELISA. OD 450nm, optical density at 450 nm.
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REPEATED ADMINISTRATION OF rAAV5/5 TO LUNGS 12363 nasal luciferase activity was detectable in a proportion of animals that received two administrations of rAAV5/5 (n ϭ 3/8 animals for rAAV5/5EGFP followed by rAAV5/5Lux, and n ϭ 2/8 animals for rAAV5/5CTLA4Ig followed by rAAV5/5Lux). As with lung administration, nasal administration of rAAV5/5 vectors led to the generation of appreciable levels of serum anti-AAV5 antibodies, with higher titers observed for animals receiving two administrations of rAAV5/5 than for those receiving a single administration (Fig. 4b) . Together these data suggest that delivery of rAAV5/5 to the nasal cavity, like delivery to the lung, leads to the generation of an inhibitory immune response. Kinetics of anti-AAV5 antibody response after delivery of rAAV5/5 to respiratory systems of mice. A time course of anti-AAV5 antibody activity in the serum of groups of mice after a single administration of 1 ϫ 10 11 GC of rAAV5/5Lux to either the nose or lung was established. After lung delivery, significant anti-AAV5 antibody levels were detected from 2 weeks postdelivery, rising to a maximum at 8 weeks postdelivery and then persisting at high titers to the end of the experiment at 52 weeks postdelivery (Fig. 5a ). Delivery of rAAV5/ 5Lux to the nose led to a slower rise in antibodies, but these also persisted to the end of the experiment at 32 weeks postdelivery (Fig. 5a ). Neutralizing anti-AAV5 antibody activity, which blocked rAAV5/5Lux transduction of COS7 cells in vitro, was also detected from 2 weeks postdelivery after both lung and nose delivery (Fig. 5b) .
Characterization of antibody responses against transgenes expressed by rAAV5/5 in repeat administration studies. There have been reports that different transgenes can influence the immune response against rAAV particles (10) . To further elucidate the components involved in generating the blocking immune response in our repeat administration studies, sera from all mice analyzed in Fig. 1 to 4 were analyzed for the presence of antitransgene antibodies by ELISA. No significant levels of antibodies were detected against any of the reporter proteins (CAT, EGFP, and Lux) (Fig. 6a to c) . In contrast, high levels of anti-CTLA4Ig antibodies were detected for all mice treated with rAAV5/5CTLA4Ig (Fig. 6b and c) . Overall, however, this analysis suggests that any adjuvant effect of the transgenes used here is not a significant cause for the antibody response against rAAV5 with either of the airway gene transfer models analyzed.
Successful transduction with rAAV5/5 after exposure to rAAV2/2. Having demonstrated that a first administration of an rAAV5/5 vector largely inhibits subsequent transduction by rAAV5/5, we examined the consequences of a prior administration of an alternate AAV serotype. Three lung treatment regimes (1 ϫ 10 11 GC rAAV per dose, with an 8-week dosing interval) were compared: a single administration of rAAV5/ 5Lux; a single administration of rAAV2/2GFP (an AAV2-based rAAV vector analogous to rAAV5/5EGFP), and administration of rAAV2/2GFP followed by rAAV5/5Lux. Importantly, only background levels of lung luciferase activity were noted in animals that received a single administration of rAAV2/2GFP (0.02 Ϯ 0.001 RLU/mg protein) (Fig. 7) . Crucially, levels of lung luciferase activity were significantly above background levels in mice that had received a single administration of rAAV5/5Lux (11.53 Ϯ 0.72 RLU/mg protein; P Ͻ 0.0001) and mice that had received rAAV2/2GFP followed by rAAV5/5Lux (7.98 Ϯ 0.59 RLU/mg protein; P Ͻ 0.0001) (Fig. 7) . This confirmed that efficient repeated AAVmediated lung transduction could be achieved by administration of rAAV vectors with differing serotypes.
DISCUSSION
Gene therapy for chronic inherited diseases probably requires lifelong expression of the therapeutic transgene. While several viral vectors have now demonstrated an extended duration of expression with various models, the question of immune responses against viral components needs to be addressed where repeated administration will be required in the clinical setting. With the continued interest in rAAV, especially for vectors utilizing non-AAV2 capsids, as a gene delivery vector for CF, it is timely to investigate the ability of rAAV5/5 vectors to transduce the murine respiratory system upon repeat exposure.
We first studied transduction of the mouse lung by rAAV5/ 5Lux after exposure to one or two doses of virus expressing different transgenes (CAT or EGFP) at 8-week or 36-week intervals. Disappointingly, Lux expression was drastically reduced in the repeat administration groups (Fig. 1a and 2) . Similarly, after administration to the nose rather than the lung, delivery of rAAV5/5Lux 8 weeks after exposure to rAAV5/ 5EGFP did not lead to detectable Lux expression. Crucially, after even a single administration to the lungs or nose, a strong anti-rAAV5 antibody-based immune response was observed (Fig. 1b and 4b) . Consistent with the reports of others, only by changing the serotype of the AAV capsid between successive administrations were we able to observe efficient rAAV transgene expression on a second administration (Fig. 7) (14, 17, 25) .
A detailed time course of anti-AAV5 antibodies in sera of mice following delivery of rAAV5/5Lux to the lungs showed that a potent immune response, including neutralizing antibodies, directed against AAV5 capsid proteins is generated as early as 2 weeks postdelivery and is maintained for at least 1 year (Fig. 5) . A similar antibody response was observed after nasal delivery, though this was somewhat slower in developing (Fig. 5) . Such responses are consistent with the observations of others regarding the production of neutralizing antibodies against rAAV2/2 after delivery to muscle (8) or lung (16) .
In other studies, transient immunosuppression using recombinant molecules such as anti-CD4, anti-CD40L, and CTLA4Ig reduced the host response to AAV and allowed efficient repeated administration in mouse muscle (23) and lungs (16) . Adenoviral vectors (AdV) expressing CTLA4Ig have also successfully prevented the usual rapid clearance of AdV-transduced cells and inhibited the generation of anti-AdV antibodies with a variety of models, facilitating a successful second viral administration (18, 28) . We attempted to replicate this success by examining the efficacy of rAAV5/5Lux administration after single or double prior administrations of rAAV5/ FIG. 6. Antitransgene antibodies in repeat administration studies. Pooled sera from treatment regimes shown in Fig. 1, 3 , and 4 (n ϭ 5 to 8 animals per pooled group) were serially diluted and assayed in duplicate for anti-Lux, anti-CAT, anti-GFP, or anti-CTLA4Ig mouse IgG, IgM, and IgA by ELISA. Titers of antibodies were calculated, and data from two independent ELISA are shown for repeat administration of rAAV5/5 vectors expressing common reporter genes administered to the lung with an 8-week dosing interval with treatment groups described in the legend to Fig. 1 (a) , expressing CTLA4Ig or luciferase to the lung with an 8-week dosing interval with treatment groups described in Fig. 3 (b) , or expressing CTLA4Ig or common reporter genes to the nose with an 8-week dosing interval with treatment groups described in the legend to Fig. 4 (c) . 5CTLA4Ig. Despite expression of CTLA4Ig from the rAAV5/ 5CTLA4Ig vector (Fig. 6 ), repeated administration was unsuccessful. Possible explanations for this failure include differences in absolute CTLA4Ig expression levels, the delay in expression noted from rAAV vectors compared with that for rAdV, possibly leaving CTLA4Ig levels too low to block antigen presentation in the critical period immediately postdelivery, or that the use of CTLA4Ig alone was insufficient. Interestingly, while no immune reactivity against either Lux, CAT, or EGFP reporter proteins used in this study was noted, mice treated with rAAV5/5CTLA4Ig did generate anti-CTLA4Ig antibodies (Fig. 6) . One possible explanation for this difference is that while the common reporter proteins reside principally in the cytoplasm of transduced cells, CTLA4Ig is engineered to be secreted (22) , which may increase the likelihood of an immune response.
It is unfortunate that sourcing of recombinant CTLA4Ig was interrupted at the time of these studies, and it would be interesting to see whether this approach could improve the performance of AAV5/5 in repeat administrations. The use of recombinant CTLA4Ig and/or other potent immunomodulatory molecules may appear to be risky in the clinical setting; however, in the case of rAAV delivery, the only source of viral components is the capsid content of the inoculum. Thus, transient immunosuppression, perhaps for as little as a few days until all AAV capsid protein has been cleared from the system, could in theory be sufficient. Combined with the long-term persistence of gene transfer by rAAV vectors, this means that repeat administration may yet be feasible.
The observations we report here are limited to administration of rAAV5/5 to the nose or lungs, as our primary aim was to evaluate the possibility of multiple administrations via the airways for treatment of CF. However, since both cellular and humoral immune responses may be dependent on the route of vector administration (30) , it is possible that the findings may not be directly extrapolated for other modes of administration. Furthermore, we restricted the studies presented to the common laboratory BALB/c mouse strain, and it is also possible that studies using alternate genetic backgrounds might show differing responses. It is notable that while our observations regarding a lack of efficient repeated administration after lung delivery are consistent with results of studies involving rAAV2/2, rAAV2/3, and rAAV2/6 (14, 16) , published studies examining a second administration of rAAV2/5 and rAAV2/9 to C57BL/6 mice have reported more-successful results (3, 21) . It was perhaps most surprising that our conclusions regarding the efficiency of repeated delivery of AAV5 capsid-containing vectors differed so starkly. Auricchio reported successful transduction of mouse lungs with rAAV2/5-␤gal 5 and 6.5 months after exposure to rAAV2/5-Factor IX or rAAV2/5-hAAT, respectively, despite the presence of serum antibodies against AAV5 capsid (3). It is possible that successful repeated administration requires the generation of less than a critical threshold of anti-AAV antibodies that was not reached in the published studies but was exceeded in the studies presented here. Such a threshold might explain the modest levels of reporter gene expression noted after a second lung or nasal administration of rAAV5/5 ( Fig. 1 and 4 ). An additional contributing factor may be the quality of AAV preparations, which could impact antibody levels. Importantly, studies of various AAV pseudotypes in mouse muscle confirm our finding that repeated exposure to vectors bearing the same capsid boosts the anticapsid antibody response (25) ; thus, it would be interesting to investigate the efficiencies of rAAV2/5 and rAAV2/9 vectors after more than two administrations.
In conclusion, the antibody response to AAV capsid proteins appears to remain an issue for repeated administration of rAAV5/5 to the airways of mice. Neither extending the spacing between administrations nor expressing CTLA4Ig from the virus itself allowed successful repeated administration using the delivery methods under investigation. Alternative immunosuppressive strategies may be required to allow efficient repeated rAAV5/5 administration.
